ABSTRACT
INTRODUCTION
The reverse transcription polymerase chain reaction (RT-PCR) is the technique of choice for analyzing extremely low abundance mRNA derived from cells or tissues. Recently, a number of reports have described different quantitative procedures for analyzing mRNA steady-state levels. PCR is now a well-established method whose sensitivity is a principal advantage over other "similar" techniques, such as Northern blots, which only provide semi-quantitative results. The earliest PCR studies proceeded by comparing the amplified products from the target molecule (TM) with the amplified products from the cDNA of an abundant protein, such as actin or β -globulin. Quantification of specific mRNA molecules with RT-PCR was dependent on extrapolating the results from a control molecule. However, variations in the kinetics of the reverse transcription reaction could produce discrepancies between the calculated amount of molecules from the sample and the actual amount of molecules. For this reason, the best control molecules are internal control molecules (ICM). To ensure that the efficiency of the PCR is similar for both molecules, the ICM is created from a synthetic cRNA. This cRNA is identical to the TM except it possesses a small deletion in the amplified portion of the molecule. The resulting amplified products have different molecular weights and are distinguished easily on polyacrylamide gel electrophoresis.
Quantitative RT-PCR is based on the competitive status between both amplicons. The addition of an ICM in the RT-PCR creates competition between the TM and the ICM for the factors controlling the amplification process, such as nucleotides and primers (for review see Reference 2). The approach developed by Wang et al. (9) was based on the fact that during the exponential phase of PCR, the amount of TM could be quantified by extrapolating against the results obtained from the ICM, provided that the reaction efficiencies were identical. In order to properly set up a Wang assay, it is necessary to know the amount of the target RNA before the experiment commences and, for this reason, we adopted the modifications proposed by Nagano and Kelly (4). Consequently, a titration assay is used to estimate the quantity of target molecule. The quantitative assay is then performed using serial dilutions from an RT reaction containing equivalent amounts of TM and ICM.
The aim of our study was to evaluate how the ratio of TM to ICM affects the competition between the two amplicons and therefore the accuracy of quantitative RT-PCR. For these reasons, we devised a quantitative RT-PCR using a known number of two different cRNA molecules (one molecule was designed as the ICM and the other as the TM in nonspecific RNA). By manipulating one of the two molecules, we were able to assess the limits and the precision of quantitative RT-PCR.
MATERIALS AND METHODS

Internal Controls
Neurotensin receptor (NTR) cDNA was kindly supplied by Dr. Nakanishi. The coding region of NTR cDNA (-7 to 1301) (8) was inserted into the Sma IBamHI site of pT7/T3 α 18. An oligonucleotide containing a poly(dA) 45 was then inserted between the Sal I-BamHI sites. Deletions of 34 and 96 nucleotides were made by deleting fragments Nco I-Nhe I and Hin cII-Nco I, giving the plasmids named p ∆ 34 and p ∆ 96, respectively. All enzymes, unless otherwise noted, were purchased from Life Technologies (Gaithersburg, MD, USA) and the reaction conditions were those as suggested by the manufacturers. The cRNA ∆ 34 and the cRNA ∆ 96 were obtained by in vitro transcription of 8 µ g each of plasmid linearized at the Sal I site. The transcription reaction contained 40 mM Tris-HCl pH 7.2, 10 mM dithiothreitol (DTT), 6 mM MgCl 2 , 4 mM spermidine, 80 U RNasin ® Ribonuclease Inhibitor (Promega, Madison, WI, USA), 0.5 mM dNTP and 60 U of T7 RNA polymerase. Polymerase chain reactions were carried out in a final volume of 50 µ L at 37°C for 1 h. The reaction mixture was treated with 10 U of RNasefree DNase I for 15 min at 37°C. The cRNAs were purified on oligo(dT) columns (Sigma Aldrich Techware, Milwaukee, WI, USA), following the procedure described by Aviv and Leder (1) . After elution, the cRNAs were precipitated with ethanol and then diluted in diethylpyrocarbonate (DEPC)-treated water containing 1 U/ µ L of RNasin. cRNA quality was checked by electrophoresis in formaldehyde RNA gel (6) , and cRNA concentration was estimated by spectrophotometric absorbance at 260 nm. The cRNA solution was diluted to 1 ×10 7 molecules/ µ L in DEPC-treated water, put into 10-µ L aliquots and stored at -80°C.
Primer Labeling
Fifty picomoles of antisense PCR primer were 5 ′ 32 P end-labeled with 20 U of polynucleotide T4 kinase in 50 µ L of 10 mM MgCl 2 , 5 mM DTT, 70 mM Tris-HCl pH 7.6 and 100 pmol [ γ -32 P]-ATP (3000 Ci/mM) (Amersham International, Little Chalfont, Bucks, England, UK) at 37°C for 30 min. The end-labeled oligonucleotide was subsequently purified on a microcolumn. The oligonucleotide concentration was estimated by counting 1 µ L of eluent on a GF/C filter (Whatman, Maidstone, Kent, England, UK) in 5 mL of dry extract scintillation fluid (Optiphase; Wallac/Pharmacia, Brussels, Belgium).
Reverse Transcription Reaction
The primer RT-NTR (5 ′ -GCT -GACGTAGAAGAG-3 ′ ) located at po - 
Quantitative RT-PCR Conditions
Primers used in this procedure were S-NTR (5 ′ -CCTTCAAGGCCAAGA-CCCTC-3 ′ ) and AS-NTR (5 ′ -CAG-CCAGCAGACCACAAAGG-3 ′ ) at positions 521-540 and 947-966, respectively, giving a PCR product of 411 nucleotides for cRNA ∆ 34 and 349 nucleotides for cRNA ∆ 96. Primers were synthesized and purified using polyacrylamide gel electrophoresis. A varying number of cRNA ∆ 34 molecules is assayed with 10 6 molecules of cRNA ∆ 96. The assay system consisted of two steps. Titration assays were performed with 10 6 molecules of cRNA ∆ 96 with increasing quantities (10 4 to 10 8 molecules) of cRNA ∆ 34. For precise RNA quantitative studies, a known number of cRNA ∆ 34 and cRNA ∆ 96 molecules were subjected to reverse transcription, followed by a series of 1:3 (vol:vol) dilutions and amplification by PCR. For the negative controls, the same procedure was applied to a RT reaction containing no RNA or cRNA. This control was made for each group of samples. Gel pieces from the negative control were excised, counted and used for background estimates. The experiment was rejected if the negative control contained visible bands.
Electrophoresis
Twenty microliters of each PCR was immediately loaded on 5% polyacrylamide gels in 90 mM Tris-borate and 2 mM EDTA. Electrophoresis was performed at 250 V for 3 h at room temperature in an ADJ2 apparatus (Owl Scientific, Woburn, MA, USA). After migration, the bands were stained in ethidium bromide and cut out before counting in 3 mL of scintillation fluid in a β -scintillation counter (Model LS 6000 SC; Beckman Instruments, Fullerton, CA, USA).
Data Analysis
After counting, the log of the cpm was plotted against the log of the ICM or the log of the RNA. A linear regression for each curve was calculated. The data generated from these curves were used to extrapolate the number of molecules in each sample. The experiments in Table 1 were performed five times and the results expressed as the average. The statistical significance of the results were analyzed using the Student's t test.
RESULTS AND DISCUSSION
The quantitative RT-PCR assay developed by Wang et al. (9) and modified by Nagano and Kelly (4) is the most sensitive technique available for the measurement of RNA. Proper implementation of this technique is dependent on completing two rounds of RT-PCR, consisting of titration and quantification assays. We performed here a series of tests to illuminate the critical steps and parameters controlling the accuracy of quantitative RT-PCR In a typical RT-PCR, there is an unknown concentration of target molecule (TM) and a known concentration of an internal control molecule (ICM). The concentration of the TM is determined by extrapolating the data based on the ICM. For our experiments, the TM was known in advance, which permitted us to determine if the expected concentration resulting from the RT-PCR was equal to its known concentration. In our system, cRNA ∆ 34 was considered the target molecule (TM), contained in 1 µ g of CHO RNA, and cRNA ∆ 96 was the ICM. The known number of starting molecules is referred to as "Molecules IN" and the number of molecules calculated as a result of the RT-PCR is referred to as "Molecules OUT".
The titration assay is a preliminary step, consisting of a competitive RT-PCR that determines the departure point for the final quantification of the mRNA. An increasing amount of ICM is added to the RNA sample, followed by a RT reaction and PCR. If the initial 282BioTechniques
Vol. 21, No. 2 (1996) Figure 1 . Titration assay. Each point containing 10 6 molecules of cRNA ∆ 96 and various numbers of molecules of cRNA ∆ 34 were reverse-transcribed and amplified as described in Materials and Methods. The amplification products were separated using polyacrylamide gel electrophoresis and detected by ethidium bromide staining. The cpm from the bands were counted after they were excised from the gel.
TM and ICM concentrations were identical, the resulting PCR products should be produced in equal amounts (5, 6) . We evaluated the accuracy of the titration assay by determining the effect of increasing the number of cRNA ∆ 34 molecules on a constant quantity of ICM, i.e., 10 6 molecules of cRNA ∆ 96. The results were plotted using the formula Log (cpm) = f(Log ICM), and the estimated quantity of TM was calculated at the point where the two curves intersected. As shown in Figure 1 , the results obtained from this procedure were inexact. The total number of molecules differed by approximately 25% (1.554 × 10 6 vs. 1.257 × 10 6 ), depending upon whether the calculation was made at the point were the curves crossed (solid lines) or at the point where the regressions crossed (dotted lines). In addition, while the average quantity of molecules obtained from the five experiments corresponded to what was expected, the value for the standard deviation was 30% of the final result (Table 1A) . Finally, we also noticed that among these five experiments, the extreme values of the results varied up to 50% (data not shown). The titration assay, based on competitive PCR, was first described by Gilliland et al. (3) . While this method is very accurate for DNA measurements, the authors noted that several pitfalls should be considered when applying this technique to the quantification of low abundance mRNAs. To eliminate the effect caused by differences in RT efficiency, which can vary up to 50% (2), a homologous cRNA internal control must be added to the RT reaction. In the case of the titration assay, where calculations are based on individual RT reactions, it is likely that these inconsistent results are caused by efficiency differences between the various RT reactions. Nevertheless, in many cases this procedure can be used when the experiment requires an accuracy of only 50%.
As can be seen from the results shown above, a second step (quantitative assay) is required to attain precise data with RT-PCR. By using the results obtained from the initial titration assay, a known quantity of RNA sample (TM) is mixed with the internal control so that the quantities of both molecules are equal. This mixture is then reversetranscribed and a PCR is performed on samples that have been (1:3) serially diluted.
Vol. 21, No. 2 (1996) BioTechniques 283 The amplification products were separated using polyacrylamide gel electrophoresis and detected by ethidium bromide staining (see insert in each panel). The bands were excised from the gel and counted. The cpm from cRNA ∆ 34 and cRNA ∆ 96 were plotted against the quantity of cRNA ∆ 96 molecule contained in each dilution.
In order for RT-PCR to be quantitative, it is necessary to have nonbiased competition between the TM and the ICM during the exponential phase of the PCR. Unfortunately, nonbiased competition can be assumed only when the ratio of TM to ICM is 1:1. We designed experiments that purposely distorted the ratio of TM to ICM to determine how variations in this ratio influence the final quantification.
One way to visualize the effect of varying the TM to ICM ratio was to plot the cpm from ICM and from TM against the number of internal control molecules. The distances between the two curves illustrate the divergence between the amounts of TM and ICM. In Figure 2A , 10 6 molecules of cRNA ∆ 96 (ICM) was assayed with 10 6 molecules of cRNA ∆ 34 (TM). As expected, the curves were perfectly superimposed because TM and ICM were in nonbiased competition. However, variations in their respective concentrations induced biased competition effects. For example, when the amount of cRNA ∆ 34 was altered by 25% or 50% (i.e., by adding 0.75 × 10 6 or 1.5 × 10 6 molecules), the curves became slightly separated ( Figure 2 , B and C). The curves separated completely when the TM and ICM had a 2-fold concentration difference, as shown in Figure 2D .
The results from these same experiments were also quantified, as shown in Table 1B . A difference up to 1.5-fold between the TM and the ICM resulted in a deviation of approximately 10%, as determined from the known amount of "Molecules IN" and the calculated amount of "Molecules OUT". However, a divergence of 2-fold between the TM and the ICM caused the amount of Molecules OUT to be altered by 35%-60%, when compared to the number of Molecules IN (Table 1B) .
To access to the accuracy of the assay, we represented the variation of the ratio of the Molecules IN/Molecules OUT as a function of the Molecules IN. The closer the Molecules IN/Molecules OUT ratio is to 1, the more precise is the assay. In Figure 3 we visualized the discrepancy caused by distorting the ICM to TM ratio. The practical limits of quantitative RT-PCR is depicted by a box that defines the situation where the ratio of Molecules IN/OUT remains linear with a variation of 10%. These conditions are satisfied when the TM/ICM ratio is between 0.66 and 1.5 (or the difference between TM and ICM is 1.5-fold). Outside these limits, the IN/OUT ratio diverged abruptly and the fidelity of the results subsequently diminished.
To test the sensitivity of quantitative RT-PCR, we analyzed the results from two different experiments where the ratio of TM and ICM was within the above-determined limits. In this analysis, we wanted to determine if minor differences between samples could be accurately quantified. As shown in Table 1C , two experiments were performed where the quantity of starting cRNA ∆ 34 differed by only 20%. A Student's t test was applied to the results of this quantification and were shown to be accurate at the level of 95% confidence.
From these experiments we determined some of the fundamental aspects controlling the accuracy and sensitivity of quantitative RT-PCR. The titration assay was a preliminary step employed to set up the quantitative assay. The quantitative assay was, however, necessary for very accurate quantification. By manipulating the ratio of TM and ICM, we were able to define the practical limits of quantitative RT-PCR. As a general rule, results are accurate to 90% if the difference between TM and ICM remains equal or under 1. was sufficiently sensitive for measuring concentration differences as small as 20%. We demonstrated that under defined limits, quantitative RT-PCR is a very useful method to precisely quantify low abundance mRNA.
